Previously, we observed that third trimester small and subclinical variations in feto-placental vascular function correlate with fetal growth. 9 Also, we have shown that higher third trimester resistance of the feto-placental circulation and utero-placental circulation are associated with a higher risk of a small size for gestational age infant.
L ow birth weight is associated with cardiovascular disease in adulthood. [1] [2] [3] These associations may be explained by developmental adaptations in early life, in response to suboptimal fetal nutrition. 3, 4 These developmental adaptations may lead to fetal growth restriction and subclinical cardiovascular alterations, which predispose to cardiovascular disease in adulthood. 4 The placenta is a major determinant of the fetal supply line. 5 Suboptimal placental growth and function, which is unable to meet fetal nutrient requirements, may therefore lead to developmental adaptations with a persistent influence on growth and cardiovascular function in later life. [5] [6] [7] Previous studies among adults suggested that both low and high placental weight are associated with adverse cardio-metabolic outcomes in later life, but results are not consistent. 7 Placental weight is only a crude measure of placental growth and function and liable to measurement error. 5, 7 More detailed measures of placental function, assessed during pregnancy, might give further insight in long-term consequences of placental dysfunction. 5 Placental vascular function can be assessed by Doppler ultrasound of the umbilical and uterine arteries throughout pregnancy, which reflect feto-placental vascular resistance and utero-placental vascular resistance, respectively. 8 Fetoplacental vascular resistance is a parameter of the fetal circulation, and increased feto-placental vascular resistance may occur as a result of impaired placentation or suboptimal fetal vascular development. 6, 8 Utero-placental vascular resistance, a parameter of the maternal circulation, may increase as a result of impaired placentation.
is not known whether normal variation in placental vascular function influences longitudinally measured fetal and childhood growth and childhood cardiovascular development. As the placental vascular bed forms an important component of the fetal vascular system, and the largest variation is expected in third trimester, we hypothesized that especially changes in third trimester feto-placental vascular resistance lead to growth and cardiovascular system adaptations. 9 Therefore, in a population-based prospective cohort study among 6716 mothers and their children, we examined the associations of third trimester feto-placental and utero-placental vascular function with repeatedly measured fetal and childhood growth characteristics, and with cardiovascular development in childhood.
Methods

Study Design
This study was embedded in the Generation R study, a populationbased prospective cohort study from early pregnancy onwards in Rotterdam, The Netherlands. 11 The study has been approved by the medical Ethical Committee of Erasmus Medical Center, Rotterdam. Written consent was obtained from all participating women. 12 Response rate at birth was 61%. In total, 8880 mothers were enrolled during pregnancy. Because placental resistance indices were only measured in 1 of the 2 dedicated research centers, placental resistance indices were available in a subgroup of n= 6754 mothers. We excluded pregnancies not leading to singleton live-born children and mothers without information about prenatal or postnatal offspring follow-up data available. Thus, our population for analysis involved 6716 mothers and their children ( Figure 1 ).
Feto-Placental and Utero-Placental Vascular Function Measurements
Placental vascular resistance was evaluated with recorded flow velocity waveforms from the umbilical and uterine arteries in third trimester in a dedicated research center, as described previously. 10 Umbilical and uterine artery vascular resistance indices are parameters of the feto-placental circulation and utero-placental circulation, respectively. 8 A raised uterine artery resistance index and umbilical artery pulsatility index indicate increased placental resistance. 8 Umbilical artery pulsatility index was measured in a free-floating loop of the umbilical cord. Uterine artery resistance index was measured in the uterine arteries near the crossover with the external iliac artery. For each measurement, 3 consecutive uniform waveforms were recorded by pulsed Doppler ultrasound, during fetal apnea and without fetal movement. The mean of three measurements was used for further analysis. We assessed reproducibility of the ultrasound measurements in a subgroup and observed high intraclass correlation coefficient values (>0.80) with corresponding low coefficient of variation values (<10%), which indicates adequate reproducibility for these ultrasound measurements. 
Fetal and Early Childhood Growth Measurements
Fetal ultrasound examinations were performed in first (median 13.5 weeks of gestation, 95% range [defined as 2.5th and 97.5th percentile] 10.6-17.5), second (median 20.6 weeks of gestation, 95% range 18.6-23.4), and third trimester (median 30.4 weeks of gestation, 95% range 28.4-33.0). We established gestational age by using data from the first fetal ultrasound examinations. 13 Third trimester fetal head circumference, abdominal circumference, and femur length were measured to the nearest millimeter using standardized ultrasound procedures.
14 Estimated fetal weight was calculated using the formula of Hadlock et al. 15 We constructed gestational age-adjusted standard deviation scores (SDS) for all fetal growth measurements. 13 Information about childhood sex, gestational age, weight, and length at birth was obtained from medical records. Gestational-age-adjusted SDS for birth weight and length were constructed using NorthEuropean growth standards. 16 These gestational-age-adjusted SDS for fetal growth and birth characteristics represent the equivalent of z-scores.
Well 
Childhood Adiposity and Cardiovascular Outcomes
At the age of 6 years, children visited a dedicated research center. 11 We measured children's height and weight without shoes and heavy clothing. Body mass index was calculated. Body composition was measured by dual-energy X-ray absorptiometry scan (iDXA, General Electrics -Lunar, 2008, Madison, WI). Total fat mass was calculated as percentage of total body weight measured by dual-energy X-ray absorptiometry. Android/gynoid fat mass ratio was calculated, and expressed as percentage. 17 Two-dimensional M-mode echocardiographic measurements of the interventricular end-diastolic septal thickness, left ventricular end-diastolic diameter, and left ventricular end-diastolic posterior wall thickness were performed using methods recommended by the American Society of Echocardiography, and left ventricular mass was calculated. 18, 19 Systolic and diastolic blood pressure of the children were measured at the right brachial artery, 4 times with 1-minute intervals, using the validated automatic sphygmanometer Datascope Accutor Plus TM (Paramus, NJ). A cuff was selected with a cuff width ≈40% of the arm circumference and long enough to cover 20 We calculated the mean value for systolic and diastolic blood pressure using the last 3 blood pressure measurements.
Covariates
Information on maternal age was assessed at intake. 11 Maternal weight and height were assessed at enrollment, and body mass index was calculated. Information about maternal parity, ethnicity, education level, and folic acid supplementation use was obtained at enrollment. Information about maternal smoking was assessed by questionnaire during pregnancy. Information on pregnancy complications was obtained from medical records. 21 Information about breastfeeding was obtained by questionnaires.
Statistical Analysis
First, we explored the associations of third trimester placental resistance indices with repeatedly measured fetal and childhood growth characteristics ([femur length] and [estimated fetal] weight) using unbalanced repeated measurement regression models. These models take the correlation between repeated measurements of the same subject into account and allow for incomplete outcome data. 22, 23 For these analyses, we used growth characteristics in SDS. The effect estimates for these associations are shown per standard deviation change in placental resistance indices to enable comparison of effect estimates. Second, we examined the associations of third trimester placental vascular function with childhood body fat distribution and cardiovascular development using multivariate linear regression models. All models were adjusted for gestational age at enrollment and at placental vascular resistance measurement, maternal age, parity, ethnicity, educational level, prepregnancy body mass index, smoking during pregnancy, folic acid supplementation use, pregnancy complications, gestational age at birth and child sex, infant breastfeeding, and age at outcome measurement. These covariates were selected based on their associations with the outcomes of interest based on previous studies or a change in effect estimate of >10%. Tables I-III in the online-only Data Supplement show the associations of each covariate with the outcomes of interest. All body fat distribution outcomes were additionally adjusted for child's height, and all cardiovascular outcomes were additionally adjusted for child's body mass index. To explore whether birth weight explained these associations, analyses were additionally adjusted for gestational-age-adjusted birth weight. We tested potential interactions between placental vascular function and sex, and between placental vascular function and birth weight for the analyses focused on childhood outcomes. Because significant interactions with sex, but not with birth weight, were present, all analyses were performed for the total group and for boys and girls separately. Missing data of covariates were imputed using multiple imputations (details given in the online-only Data Supplement). The repeated measurement analysis was performed using the Statistical Analysis System version 9.2 (SAS, Institute Inc. Cary NC), including the Proc Mixed module for unbalanced repeated measurements. All other analyses were performed using the Statistical Package of Social Sciences version 17.0 for Windows (SPSS Inc, Chicago, IL).
Results
Subject Characteristics
Characteristics of the participants are shown in Table 1 . Table  IV in the online-only Data Supplement shows fetal and childhood growth characteristics. Table V in the online-only Data Supplement shows that mothers whose children participated in follow-up measurements were more often higher educated and from European descent as compared with mothers whose children did not participate.
Placental Vascular Function and Fetal and Childhood Growth Characteristics
Higher third trimester umbilical artery pulsatility index and uterine artery resistance index were associated with lower third trimester fetal length and weight growth, resulting in a smaller size at birth among boys and girls (difference in birth length and birth weight for the total group: −0.12 SDS (95% CI, −0.16 to −0.08), −0.17 SDS (95% CI, −0.20 to −0.14) per SD change in umbilical artery pulsatility index, and −0.09 SDS (95% CI, −0.14 to −0.04), −0.16 SDS (95% CI, −0.20 to −0.12) per SD change in uterine artery resistance index, respectively; Figure 2A -2D). The effect estimates for the associations of third trimester umbilical artery pulsatility index and uterine artery resistance index with childhood length and weight growth became smaller from the age of 6 months onwards among boys and girls. At the age of 6 years, higher third trimester umbilical artery pulsatility index and uterine artery resistance index were still associated with a shorter stature and lower weight among all children (difference in length and weight at the age of 6 years for the total group: −0.03 SDS (95% CI, −0.06 to 0), −0.03 SDS (95% CI, −0.06 to 0) per SD change in umbilical artery pulsatility index, and −0.06 SDS (95% CI, −0.10 to −0.02), −0.07 SDS (95% CI, −0.10 to −0.03) per SD change in uterine artery resistance index, respectively). The interaction term of third trimester umbilical artery pulsatility index with sex for weight growth was significant in the repeated measurement regression model. Among boys, higher third trimester umbilical artery pulsatility index was associated with lower childhood weight growth until the age of 6 years, whereas among girls these associations were no longer significant from the age of 3 years onwards. Table 2 shows the associations of third trimester umbilical artery vascular resistance with childhood cardiovascular outcomes at the age of 6 years, unadjusted and adjusted for gestational-age-adjusted birth weight, respectively. In the total group, we observed that, in the model unadjusted for birth weight, higher third trimester umbilical artery pulsatility index was associated with a lower childhood height and weight, but a higher total fat mass percentage and android/ gynoid fat mass ratio (differences −0.33 cm [95% CI, −0.48 to −0.18]; −0.14 kg [95% CI, −0.25 to −0.04]; 0.17% [95% CI, 0.02 to 0.31] and 0.26% [95% CI, 0.08 to 0.45] per SD change in third trimester umbilical artery pulsatility index, respectively). The associations of third trimester umbilical artery pulsatility index with childhood growth outcomes, but not body fat distribution outcomes, were largely explained by birth weight. Analysis stratified by sex, showed that a higher third trimester umbilical artery pulsatility index was associated with a higher childhood body mass index, total fat mass and android/gynoid fat mass ratio among girls (difference in body mass index, total fat mass percentage, and android/gynoid fat mass ratio: 0.08 kg/m 2 (95% CI, 0.01 to 0.16), 0.25% (95% CI, 0.05 to 0.46), and 0.43% (95% CI, 0.15 to 0.71) per SD change in third trimester umbilical artery pulsatility index in the fully adjusted model, respectively). were not explained by birth weight. Sex interaction terms were not significant, but a stronger association for systolic blood pressure tended to be present among girls. Table 3 shows that a higher third trimester uterine artery resistance index was associated with a lower height and weight at the age of 6 years, but not with other cardiovascular risk factors. These associations were explained by birth weight.
Placental Vascular Function and Childhood Cardiovascular Risk Factors
Discussion
In this population-based prospective cohort study, we observed that higher third trimester umbilical artery and uterine artery resistance indices were associated with lower fetal growth rates in third trimester, resulting in a smaller size at birth. Differences in length and weight growth characteristics became smaller from the age of 6 months onwards but persisted until the age of 6 years. Higher third trimester feto-placental vascular resistance, but not utero-placental vascular resistance, was associated with childhood cardiovascular adaptations. These associations were only partly explained by birth weight and appeared to be stronger among girls than among boys.
Methodological Considerations
This study had a prospective data collection from early fetal life onwards. We had a large sample size of 6716 pregnant women and their children. To our knowledge, this is the first study that examined the associations of placental vascular resistance with repeatedly measured fetal and childhood growth characteristics and childhood cardiovascular risk factors. A potential limitation might be the response rate of 61%. Pregnant women who participated were higher educated, healthier, and more frequently of Dutch origin than were those who did not participate. 11 It is unlikely that this selective response at baseline has led to biased estimates. 24 Follow-up data at the age of 6 years were available in 70% of our study population. Mothers without offspring follow-up data available were more often lower educated and from non-European descent. The nonresponse would lead to biased effect estimates if the associations would be different between those included and not included in the analyses. This seems unlikely. However, nonresponse at baseline and at follow-up might affect the generalizability of our results. Because our study population is a relatively healthy, low-risk population, the variation in placental vascular function was small. It might be of Figure 2 . Associations of third trimester feto-placental vascular function and utero-placental vascular function with fetal and childhood growth characteristics. A, Umbilical artery pulsatility index and length growth.* B, Umbilical artery pulsatility index and weight growth.* C, Uterine artery resistance index and length growth.* D, Uterine artery resistance index and weight growth.* *Fetal and childhood length and weight growth in SDS per SD change in third trimester umbilical artery pulsatility index and uterine artery resistance index. Results are based on repeated measurement regression models and reflect the differences in (gestational) age-adjusted standard deviation scores (SDS) of length and weight growth per SD change in third trimester umbilical artery vascular resistance and uterine artery vascular resistance at 30 weeks and 40 weeks of gestation prenatal and at 6 months, 12 months, 24 months, 36 months, 48 months, and 72 months postnatal. All models are adjusted for gestational age at enrollment and at placental resistance index measurement, maternal age, parity, ethnicity, education, body mass index, smoking, folic acid supplementation use, and pregnancy complications. Total group analyses are additionally adjusted for child's sex. P value for sex interaction <0.01 for model focused on third trimester umbilical artery vascular resistance and weight growth. Sex interaction terms were not significant in the other models. by guest on April 17, 2017 http://circ.ahajournals.org/ Downloaded from interest to perform similar analyses among higher risk populations. Detailed information about a large number of potential confounding variables was available. Extensive adjustment for these socio-demographic and lifestyle-related determinants in our analyses did not explain the associations of placental vascular dysfunction with childhood outcomes. However, residual confounding attributable to other lifestyle-related variables, such as maternal and childhood nutritional intake and physical activity, might still be an issue, as in any observational study.
Interpretation of Main Findings
Developmental adaptations in response to suboptimal fetal nutrition may lead to fetal growth restriction and subclinical cardiovascular alterations on short term, and may predispose to obesity and cardiovascular disease in adulthood. 4 Because fetal nutrition largely depends on placental function, the placenta may play a key role in this developmental origins hypothesis. 5, 7 Placental dysfunction not only affects fetal nutrient supply, but may also directly affect the fetal cardiovascular system. 5, 7, 9 We examined the associations of umbilical and uterine artery blood flow during pregnancy, as detailed measures of feto-placental and utero-placental vascular function, with fetal and childhood outcomes. On the fetal side, blood enters the placenta through the umbilical arteries, which form a capillary network in the terminal villi of the villous tree. 5, 8 As the villous and capillary surface areas increase during pregnancy, the umbilical artery vascular resistance normally decreases throughout pregnancy. 5, 8 On the other side, maternal blood enters the intervillious space in the placenta through the spiral arteries, which descend from the uterine arteries. 5, 8 Normally, during early pregnancy, the spiral arteries are remodeled as a result of trophoblastic invasion, which changes the spiral arteries from narrow muscular vessels into wide nonmuscular arteries, leading to the development of a high-flow and lowresistance circulation. 5, 8 Both the umbilical and uterine artery vascular resistance provide information about the placental circulation, but assessment of vascular resistance in the umbilical artery may be more closely related to the fetal condition. Abnormalities in the umbilical artery vascular resistance are strongly related to intra-uterine fetal growth restriction and fetal distress. 25 Furthermore, endothelium in the feto-placental circulation forms a continuum with fetal endothelium, and higher umbilical artery vascular resistance may therefore also reflect fetal vascular adaptations. 26 Abnormal placentation may lead to fetal endothelial dysfunction and inflammatory responses, which may predispose the individual to development of arteriosclerosis and hypertension later in life. [26] [27] [28] In line with this hypothesis, we observed stronger associations of arterial vascular resistance variation with fetal and childhood outcomes in the umbilical artery than in the uterine artery. *Values are regression coefficients (95% confidence interval) and reflect differences in childhood anthropometrics, body fat distribution, and cardiovascular outcomes per standard deviation change of placental resistance index. All models are adjusted for gestational age at enrollment and at placental resistance index measurement, maternal age, parity, ethnicity, education, body mass index, smoking, folic acid supplementation use, pregnancy complications, gestational age at birth, infant breastfeeding, and childhood age at measurement. *P value <0.05. † Model additionally adjusted for gestational age-adjusted birth weight. ‡ Models for total group are additionally adjusted for child's sex. § Models focused on body fat distribution are additionally adjusted for childhood height at measurement. ║Models focused on cardiovascular outcomes are additionally adjusted for childhood body mass index at measurement. by guest on April 17, 2017 http://circ.ahajournals.org/
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Multiple studies have shown that abnormal umbilical artery and uterine artery resistance indices in each trimester of pregnancy are associated with the risk of small size for gestational age at birth. 29, 30 These studies were mainly performed among high-risk populations and used cut-off values to define abnormal resistance indices. In line with these previous studies, we observed that also among a low risk population, small changes in third trimester feto-placental and utero-placental vascular resistance were associated with lower fetal growth characteristics from third trimester onwards. Not much is known about postnatal growth and cardiovascular consequences of placental vascular dysfunction. A study among 914 mother-neonate pairs showed that placental volume at 19 weeks of gestation was positively associated with neonatal fat mass assessed by dual-energy X-ray absorptiometry. 31 A study among 23 967 mother-child pairs observed that placental lateral growth measures, which are measures that give some information about the umbilical-chorionic vessels and the number of spiral arteries supplying the placenta, are related to childhood body mass index. 32 These associations were small and partly explained by birth weight. We observed that higher third trimester utero-placental vascular resistance was associated with lower childhood length and weight growth characteristics, but these associations were fully explained by birth weight. We further observed that higher third trimester feto-placental vascular resistance was associated with small differences in body mass index and fat mass levels at the age of 6 years, especially among girls. These associations were independent of birth weight.
The feto-placental vascular resistance is related to fetal vascular function and an important determinant of fetal cardiac afterload. Changes in feto-placental vascular function may therefore be related to fetal cardiac and vascular development. 5, 28, 33, 34 We observed that higher third trimester umbilical artery pulsatility index was associated with a lower left ventricular mass and higher systolic blood pressure in childhood. The mechanisms by which feto-placental vascular dysfunction may lead to smaller left ventricular mass have not been studied yet. Studies in sheep have shown that placental insufficiency is associated with a smaller fetal heart and lower number of immature cardiomyocytes. 34, 35 It has also been suggested that mostly the right side of the fetal heart is affected by increased placental vascular resistance. 34, 36 We had only information about left cardiac structures available. More detailed studies of the structure and function of both the left and right ventricles may provide more information about the persistent cardiac consequences of placental dysfunction. Our findings related to systolic blood pressure are in line with a study among 428 Jamaican mothers and their children, which reported an inverse association of placental volume assessed at 20 weeks of gestation and systolic blood pressure in early childhood. 37 Also, a *Values are regression coefficients (95% Confidence Interval) and reflect differences in childhood anthropometrics, body fat distribution and cardiovascular outcomes per standard deviation change of placental resistance index. All models are adjusted for gestational age at enrollment and at placental resistance index measurement, maternal age, parity, ethnicity, education, body mass index, smoking, folic acid supplementation use, pregnancy complications, gestational age at birth, infant breastfeeding, and childhood age at measurement. *P value <0.05 †Model additionally adjusted for gestational age-adjusted birth weight. ‡Models for total group are additionally adjusted for child's sex. §Models focused on body fat distribution are additionally adjusted for childhood height at measurement. ║Models focused on cardiovascular outcomes are additionally adjusted for childhood body mass index at measurement. by guest on April 17, 2017 http://circ.ahajournals.org/ Downloaded from study among 13 273 mothers and their children observed that higher placental weight and size were associated with lower infancy systolic blood pressure, but higher childhood systolic blood pressure. In the same study, placental vascular lesions, which may also reduce feto-placental blood flow, were associated with higher infancy systolic blood pressure. 38 Sex-specific differences for the associations of third trimester feto-placental vascular function with childhood growth and body fat distribution, with stronger associations among girls, tended to be present. Previous studies have suggested that sex-specific fetal responses occur in response to an adverse prenatal environment. 39, 40 Our observed sex-differences may partly be explained by sex-differences in childhood growth and body fat distribution, and differences in in-utero responses to an adverse environment. We did not observe significant sex-specific differences for the association of third trimester feto-placental vascular function with childhood systolic blood pressure, which is inconsistent with several other studies that examined associations of placental size at birth with blood pressure at older ages. [41] [42] [43] These suggested sex-differences related to blood pressure might become more apparent at later ages. We also explored whether associations of placental vascular resistance with childhood outcomes differed among birth weight categories, but no significant interaction terms were present. This suggests that associations of feto-placental vascular resistance with childhood cardiovascular development may be present across the full range of birth weight.
The observed effect estimates for the associations of fetoplacental vascular resistance with childhood cardiovascular risk factors were small. Although they are important from a cardiovascular developmental perspective, their effects on the risk of cardiovascular disease should be further studied. However, previous studies have shown that childhood cardiovascular risk factors tend to track into adulthood. A study among 2204 subjects showed that childhood body mass index and blood pressure, measured at 6 years of age, were correlated with these measures in adulthood. 44 A large meta-analyses in which tracking of blood pressure from children aged <18 years to adulthood was examined, showed that blood pressure tracking was already present from early childhood onwards. 45 A study among 4857 children and adolescents, aged 5 to 20 years, with a median age of 11 years, showed that childhood obesity and hypertension were associated with increased rates of premature death from endogenous causes. 46 Thus, these findings suggest that even subclinical differences in risk factors for cardiovascular disease in childhood are related to the development of cardiovascular disease in later life. Further studies are needed to gain further insight in the associations of placental vascular function with cardiovascular risk factors in childhood and adulthood, and to explore their potential underlying mechanisms.
Conclusion
Suboptimal fetal nutrition may lead to fetal growth and cardiovascular developmental adaptations, and subsequently to cardiovascular disease in adulthood. Our study shows that higher third trimester umbilical and uterine artery vascular resistance were associated with lower fetal growth characteristics and a smaller size at birth. Higher third trimester feto-placental vascular resistance, but not utero-placental vascular resistance, was associated with an adverse cardiovascular profile in childhood. These associations were only partly explained by birth weight. Further studies examining detailed measures of placental function, such as placental morphology, vascular function, and nutrient transporter activity, and their associations with growth and cardio-metabolic outcomes in later life might provide further insight in underlying mechanisms.
CLINICAL PERSPECTIVE
Low birth weight is associated with cardiovascular disease in adulthood. These associations may be explained by developmental adaptations in early life in response to suboptimal fetal nutrition. Suboptimal placental growth and function may lead to fetal undernutrition and persistently influence growth and cardiovascular function in later life. Placental vascular function can be assessed by ultrasound assessment of the feto-placental vascular resistance and utero-placental vascular resistance. Increased vascular resistance in the umbilical and uterine arteries, which may occur as a result of impaired placentation or suboptimal fetal vascular development, is associated with increased risks of adverse maternal and fetal pregnancy outcomes. We observed, in a large population-based prospective cohort study among 6716 mothers and their children, that higher third trimester feto-placental and utero-placental vascular resistance were associated with lower third trimester fetal length and weight growth with persistent growth effects until the age of 6 years. Higher third trimester feto-placental vascular resistance, but not utero-placental vascular resistance, was also associated with an adverse cardiovascular profile in childhood. These associations were only partly explained by birth weight, and tended to be stronger among girls than among boys. Our study provides novel insight in the long-term growth and cardiovascular consequences of placental vascular dysfunction, and is important from a cardiovascular developmental perspective. Further studies are needed to explore whether interventions to improve placental vascular function will lead to better cardiovascular health in later life. 
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Supplemental Methods S1 Multiple imputations for missing data of covariates
We imputed missing data of the covariates using multiple imputations (1) . 
